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DESCRIPTION 

Three-Dimensional Image Display and Three-Dimensional Image 

Displaying Method 

Technical Field 

[0001] The present invention relates to an apparatus and method that 
display a three-dimensional reconstruction image by causing 
illumination light to enter a spatial light modulation element that 
expresses a hologram. 
Background Art 

[0002] A three-dimensional image displaying apparatus using a 
hologram can, by causing illumination light to enter the hologram, 

* 

produce reconstruction light from the hologram and display a 
three-dimensional reconstruction image expressed by means of the 
reconstruction light. The hologram can be created through 
computation in addition to being made by causing interference, on a 
photographic plate, between object hght and illumination light. A 
hologram created through computation is known as a 'computer 
hologram'. A three-dimensional image displaying apparatus using a 
computer hologram provides a spatial light modulation element with a 
computer hologram, produces reconstruction light from the spatial light 
modulation element by causing illumination light to enter the spatial 
light modulation element, and displays a reconstruction image by means 
of the reconstruction light. 

[0003] The technology disclosed in Patent Document 1 is known as 
three-dimensional image display technology using a computer hologram. 
In the technology disclosed in Patent Document 1, the reconstruction 
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image to be displayed (hereinafter referred to as 'target reconstruction 
image') is regarded as an aggregate of a plurality of bright points and it 
is assumed that spherical waves produced by each of the plurality of 
bright points reach the hologram plane. A computer hologram is 
5 created by convolving spherical waves and planar transmission waves 

that reach the pixel positions from each of the plurality of bright points 
on the target reconstruction image, in the respective pixel positions on 
the hologram plane. When illumination light is made to enter the 
spatial light modulation element that expresses the computer hologram, 

10 at least one of the amplitude and phase of the illumination light is 

modulated by each pixel of the spatial light modulation element,- 
whereby reconstmction light is produced by the spatial light modulation 
element. Then, a reconstruction image is displayed by a reconstruction 
image converting optical system (more specifically, a convex lens) 

15 producing a virtual image or real image wavefront-converted from the 

reconstruction light. 

[0004] Also, in Patent Document 1, when the spatial light modulation 
element can modulate only one' of the amplitude and phase, a mask is 
provided on the back focal plane of the reconstmction image converting 

20 optical system. Further, by the mask that blocks zero-order light (light 

emitted in the same emission direction as the incident direction among 
the illumination light that enters the spatial light modulation element), 
and diffracted waves and conjugate waves of an unnecessary order, and 
that transmits reconstruction light obtained through diffraction of a 

25 specified order, the observer can observe the reconstruction image 

obtained by the transmitted reconstruction light. 
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[0005] In Non-Patent Document 1, a random phase shifter method is 
described. Object light is generated by causing Hght to enter a spatial 
light modulation element that expresses an image and an optical Fourier 
transform of the object light is made to interfere with reference light on 
a photographic plate. When, as a result, a Fourier transform hologram 
is recorded, the dynamic range of the light sensitivity of the 
light-sensitive material is exceeded because the object light enters 
focused on one point of the photographic plate, whereby spectral noise 
appears prominently in the reconstruction image. The random phase 
shifter method is intended to resolve such a problem and, by 
randomizing the degree of phase modulation of the respective pixels in 
the spatial light modulation element that expresses an image, the 
distribution of object hght falling incident on the photographic plate is 
widened so that the light intensity at the photographic plate does not 
exceed the dynamic range of the light sensitivity of the light-sensitive 
material. As a result, a reconstruction image with reduced spectral 
noise can be obtained. 

[0006] hi Patent Document 1, Patent Document 2, or Non-Patent 
Document 2, a stereo displaying apparatus that displays different images 
onto both eyes of the observer is described. Generally, in a stereo 
displaying apparatus, the image formation position on the retina is fixed 
and there is no match between the sense of distance due to the parallax 
of the two eyes and the interval between the image locations of the two 
eyes. Hence, the observer feels a large amount of fatigue due to the 
mismatch between the focusing and convergence of the eyes. The 
technology described in Patent Document 1, Patent Document 2, or 
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Non-Patent Document 2, is intended to resolve this problem. 
[0007] A device using the Maxwell effect, which is described in Patent 
Document 2 or Non-Patent Document 2, causes the formation of an 
image on the retina by means of only the light transmitted through the 
middle of the pupil of the observer's eye. As a result, a blurring of the 
image observed by the observer becomes smaller, irrespective of the 
focusing of the observer's eyes. On the other hand, a device satisfying 
the super multieye condition, which is described in Patent Document 3, 
causes a parallax image comprising a plurality of luminous fluxes to 
enter the pupil of the observer's eye. As a result, the focusing of the 
observer's eyes is guided close to a stereo image and the sense of 
distance caused by the parallax of the two eyes and the interval between 
the image formation positions of the two eyes are matched each other. 
Patent Document 1: Japanese Patent Application Laid-Open No. 
09-258643 

Patent Document 2: Japanese Patent Application Laid-Open No. 
2002-277822 

Patent Document 3: Japanese Patent Application Laid-Open No. 
2002-228978 

Non-Patent Document 1: Yoshito TSUNODA, 'Holographic 
high-density image recording'. Optics, Vol. 2, No. 6, pages 329 to 346, 
1973 

Non-Patent Document 2: Takahisa ANDO, et al. 'A See-through display 
using the Maxwell effect by means of a holographic optical element'. 
Video Information Media Academic Journal, Vol. 54, No. 10, pages 
1466 to 1473, 2000 
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Disclosure of the Invention 

Problems that the Invention is to Solve 

[0008] The inventors have studied the conventional three-dimensional 
image displaying technique in detail, and as a result, have found 
problems as follows. 

[0009] That is, since the amount of computation and the used memory 
amount are huge when creating a computer hologram in the case of the 
three-dimensional image display technology disclosed in Patent 
Document 1, a reduction in the amount of computation and the used 
memory amount is desirable. Furthermore, in order to reduce the 
amount of computation and the used memory amount, the respective 
bright point positions in an image that is reconstructed directly from the 
spatial light modulation element (hereinafter referred to as 'directly 
reconstruction image') are generally matched on a plane perpendicular 
to the optical axis with any pixel position of the spatial light modulation 
element (hereinafter referred to as 'condition T), and the initial phase of 
each bright point is generally afforded a prescribed value by rendering 
the shortest distance between the spatial light modulation element and 
the directly reconstruction image an integer multiple of the wavelength 
of the illumination light (hereinafter referred to as 'condition 2'). 
[0010] These conditions 1 and 2 will be fiirther explained as follows. 
Suppose that, in the case that the respective bright point positions in the 
directly reconstruction image do not match any of the pixel positions of 
the spatial light modulation element (that is, when condition 1 is not 
satisfied), it is necessary to compute the distance between all the 
respective bright point positions in the directly reconstruction image and 
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the respective pixel positions of the spatial light modulation element in 
the case of all combinations thereof and, therefore, a tremendous 
increase in the computation amount is induced. In contrast, in the case 
that condition 1 is satisfied, since the number of cases of a relative 
5 positional relationship between the respective bright point positions in 

the directly reconstruction image and the respective pixel positions of 
the spatial light modulation element is then smaller, the computation is 
reduced. The number of types of spherical waves produced from the 
bright points in the directly reconstruction image is further reduced as a 
10 result of condition 2 also being satisfied in addition to condition 1, and 

the amount of memory required in order to store the computation results 
of spherical waves that are computed and prepared beforehand is 
reduced. 

[0011] However, in the case that a certain other condition is satisfied 
15 while both condition 1 and condition 2 are satisfied, the following 

problem arises. That is, in the case that both condition 1 and condition 
2 are satisfied, since the optical distance from the directly reconstruction 
image to the back focal plane of the reconstmction image converting 
optical system is fixed, light enters on one point of the back focal plane 
20 in a focused way. In addition, since light that enters the focal point is 

blocked by a 0-order mask, the amount of light of the reconstruction 
image that can be observed by the observer decreases. In the case of a 
reconstruction image in which a low spatial frequency component is 
dominant in particular, that is, in the case of a reconstruction image in 
25 which the variation in brightness values is small, since the majority of 

the reconstruction light is blocked by the mask, the amount of light of 
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the reconstruction image that can be observed by the observer decreases 
significantly. Also, the reconstruction light reaching the pupil of the 
observer's eyes has inadequate spread and is only distributed in the 
localized portion of the pupil and, consequently, the focusing function 
5 of the observer's eyes does not work effectively and the sense of 

distance sensed by the focusing function of the eyes is inadequate. 
[0012] Li order to resolve the above problem, in the case of the 
three-dimensional image display technology disclosed in Patent 
Document 1, invoking the random phase shifter method described in 

10 Non-Patent Document 1 may be considered. In this case, the initial 

phase of the respective bright points of the target reconstruction image 
is assigned a random value, and, in the respective pixel positions on the 
hologram plane, the spherical weaves and planar transmission waves that 
reach the pixel positions from a plurality of bright points on the target 

15 reconstruction image are convolved. However, since the number of 

grayscales of the amplitude modulation or phase modulation of light of 
the respective pixels is limited by the spatial light modulation element 
that expresses the computer hologram, the cases, where the high 
frequency components negate one another during convolution and the 

20 high frequency components are not displayed while displaying the 

reconstruction image, arise. In addition, since the cases, where high 
frequency components are not displayed, occur randomly, spectral noise 
is observed in the reconstruction image and the display quality is 
considerably impaired. 

25 [0013] When the Maxwell effect, described in Patent Document 2 or 

Non-Patent Document 2, is used in the case of the three-dimensional 
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image display technology described in Patent Document 1, a 
reconstraction image in which the blurring is always small is observed 
and, therefore, a white blur that corresponds with the distance to the 
object when the focusing of the eyes is out of place as in real space does 
not reappear. Accordingly, the sense of distance sensed by the 
focusing function of the eyes is impaired. 

[0014] Furthermore, when a device, which satisfies the super multi-eye 
condition disclosed in Patent Document 3, is applied in the case of the 
three-dimensional image display technology described in Patent 
Document 1, a display element that causes different parallax images to 
enter a plurality of regions that are separated on the surface of the pupil 
of the observer's eye, and an optical system that guides the luminous 
flux from the display element to each of the plurality of regions on the 
surface of the pupil are required. The device therefore becomes 
complex and large. 

[0015] The present invention is made to solve the aforementioned 
problem, and it is an object to provide a three-dimensional image 
displaying apparatus capable of displaying a high quality reconstruction 
image by allowing the focusing function of an observer's eyes to work 
effectively by means of a simple constitution, as well as a 
three-dimensional image displaying method. 
Means for Solving the Problems 

[0016] The three-dimensional image displaying apparatus according to 
the present invention comprises a spatial light modulation element that 
has a discrete pixel structure and expresses a hologram, an illumination 
optical system producing reconstruction light by causing illumination 
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light to enter the spatial light modulation element that expresses the 
hologram, and a reconstruction image converting optical system 
displaying a reconstruction image by producing a virtual image 
wavefront-converted from the reconstmction light. In particular, in the 
three-dimensional image displaying apparatus, at least one of the bright 
point interval and the initial phase value of the respective bright points 
constituting the target reconstruction image to be displayed is set such 
that peaks of the reconstruction light, reaching a region where the 
observation of reconstruction image obtained through diffraction of a 
specified order by the spatial light modulation element is permitted, are 
produced at different plural points on a back focal plane of the 
reconstruction image converting optical system. As a result, a 
hologram capable of expressing a target reconstruction image is 
presented by the spatial light modulation element. 

[0017] In addition, the three-dimensional image displaying method 
according to the present invention provides a spatial light modulation 
element having a discrete pixel structure with a hologram, produces 
reconstruction light by causing illumination light to enter the spatial 
light modulation element, and displaying a virtual image 
wavefront-converted from the reconstruction light by the reconstmction 
image converting optical system. In particular, the three-dimensional 
image displaying method provides a spatial light modulation element 
with a hologram capable of displaying a target reconstmction image to 
be displayed by setting at least one of the bright point interval and initial 
phase value of the respective bright points constituting the target 
reconstmction image such that peaks of reconstmction light reaching a 
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region, where the observation of a reconstruction image obtained 
through diffraction of a specified order by the spatial Hght modulation 
element is permitted, are produced at different plural points on the back 
focal plane of the reconstruction image converting optical system. 
[0018] In accordance with the present invention, a hologram is 
presented by the spatial light modulation element with a discrete pixel 
structure, the reconstruction light is produced by causing illumination 
light to enter the spatial light modulation element, and the virtual image 
is wavefront-converted from the reconstruction light by the 
reconstruction image converting optical system, thereby displaying the 
reconstruction image. In particular, when a hologram is presented by 
the spatial light modulation element, at least one of the bright point 
interval and the initial phase value of the respective bright points 
constituting the target reconstruction image to be displayed is suitably 
established. As a result, a plurality of peaks of reconstruction light 
arrive within a region, where the observation of reconstruction image 
produced by diffraction of a specified order by the spatial light 
modulation element is permitted, on the back focal plane of the 
reconstruction image converting optical system. Therefore, the 
focusing fimction of the observer's eyes is able to work effectively as a 
result of reconstruction light distributed in the vicinity of each of the 
plurality of optical peak positions entering the pupil of the eye at the 
same time. In addition, a reconstruction image in which a low spatial 
frequency component is dominant can also be favorably observed. 
[0019] Furthermore, the distribution of the bright point intervals and the 
initial phase values of the respective bright points constituting the target 
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reconstruction image to be displayed preferably has a cyclical structure 
and the distribution of the peak positions of the reconstruction light on 
the back focal plane of the reconstruction image converting optical 
system corresponds to the cyclical structure. 
5 [0020] In the three-dimensional image displaying apparatus or 

three-dimensional image displaying method according to the present 
invention, the initial phase values of the respective bright points 
constituting the target reconstmction image are preferably varied as 
time elapses. In this case, the interference fringe pattem superposed 
10 on the reconstruction image is temporally offset, whereby the effect of 

the interference fringe pattern is reduced and a more vivid 
reconstruction image can be displayed. 

[0021] The three-dimensional image displaying apparatus according to 
the present invention may further comprise a mask provided on the back 

1 5 focal plane of the reconstruction image converting optical system. The 

mask transmits light components reaching peak positions of the 
reconstruction light that arrives into the region where the observation of 
reconstruction image obtained through diffraction of a specified order is 
permitted, and, in contrast, blocks light components rendered through 

20 diffraction of an order other than the specified order. On the other 

hand, the three-dimensional image displaying method according to the 
present invention preferably uses a mask of this kind and displays a 
reconstruction image by means of the light component having passed 
through the mask. In this case, the entry of unnecessary light into the 

25 pupil of the observer's eye can be prevented and a more vivid 

reconstruction image can be observed. 
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[0022] In the three-dimensional image displaying method according to 
the present invention, the interval of the peak positions of the 
reconstruction light arriving in the region, where the observation of 
reconstruction image obtained through diffraction of a specified order 
by the spatial light modulation element is permitted, on the back focal 
plane of the reconstruction image converting optical system is 
preferably smaller than the diameter of the pupil of the observer 
observing the reconstruction image. Also, supposing that the 
wavelength of the illumination light is A,, the focal length of the 
reconstruction image converting optical system is f, the pixel pitch of 
the spatial light modulation element is p, the diameter of the pupil of the 
observer observing the reconstruction image is d, and the interval of the 
bright points of an equal initial phase value among the bright points 
constituting the target reconstruction image is Np (N is an integer of two 
or more), the following relationship is preferably satisfied: 
[0023] d/2>A,f^(Np) 

[0024] In such cases, the super multi-eye condition is satisfied because 
reconstruction light, which is distributed in the vicinity of the plurality 
of optical peak positions, enters the pupil of the eye at the same time, 
thereby effectively making use of the focusing function of the eye. 
Furthermore, the reconstmction image in which a low spatial frequency 
component is dominant can also be favorably observed. 
[0025] The present invention will be more fully understood from the 
detailed description given hereinbelow and the accompanying drawings, 
which are given by way of illustration only and are not to be considered 
as limiting the present invention. 
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[0026] Further scope of applicability of the present invention will 
become apparent from the detailed description given hereinafter. 
However, it should be understood that the detailed description and 
specific examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only, since various changes 
and modifications within the spirit and scope of the invention will be 
apparent to those skilled in the art from this detailed description. 
Effects of the Invention 

[0027] In accordance with the present invention, a high quality 
reconstruction image can be displayed by effectively making use of the 
focusing function of the observer's eyes with a simple constitution. 
Brief Description of the Drawings 

[0028] Fig. 1 is a view for explaining an optical system and operation in 
a three-dimensional image displaying apparatus 1 ; 

Fig. 2 is a view for explaining the optical system obtained by 
removing a spatial light modulation element and lens from the 
three-dimensional image displaying apparatus 1 ; 

Fig. 3 is a view for explaining an optical system in a 
three-dimensional image displaying apparatus 2; 

Fig. 4 is a view for explaining a bright point interval of a 
directly reconstruction image 91 in a comparative example; 

Fig. 5 is a view for explaining peak positions of light that 
reaches the back focal plane of a lens 12 in a comparative example; 

Fig. 6 is a view for explaining a bright point interval of the 
directly reconstmction image 91 in a first embodiment; 

Fig. 7 is a view for explaining peak positions of light that 
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reaches the back focal plane of the lens 1 2 in the first embodiment; 

Fig. 8 is a view for explaining a bright point interval of the 
directly reconstruction image 91 in a second embodiment; 

Fig. 9 is a view for explaining peak positions of light that 
reaches the back focal plane of the lens 12 in the second embodiment; 

Fig. 10 is a view for explaining a bright point interval and initial 
phase value of the directly reconstruction image 91 in a third 
embodiment; 

Fig. 1 1 is a view for explaining a bright point interval and initial 
phase value of the directly reconstruction image in of a fourth 
embodiment; 

Fig. 12 is a view for explaining a bright point interval and initial 
phase value of the directly reconstruction image 91 in a fifth 
embodiment; 

Fig, 13 is a view for explaining peak positions of light that 
reaches the back focal plane of the lens 12 in the fifth embodiment; 

Fig. 14 is a view for explaining a bright point interval and initial 
phase value of the directly reconstmction image 91 in a sixth 
embodiment; 

Fig. 15 is a view for explaining a bright point interval and initial 
phase value of the directly reconstruction image 91 in the sixth 
embodiment; 

Fig. 16 is a view for explaining a bright point interval and initial 
phase value of the directly reconstruction image 91 in the sixth 
embodiment; 

Fig. 1 7 is a view for explaining a bright point interval and initial 
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phase value of the directly reconstruction image 91 in the sixth 
embodiment; 

Fig. 18 is a view for explaining peak positions of light that 
reaches the back focal plane of the lens 1 2 in a seventh embodiment; 

Fig. 19 is a view for explaining peak positions of light that 
reaches the back focal plane of the lens 12 and the shape of an aperture 
portion 13A of a mask 13 in an eighth embodiment; and 

Fig. 20 is a view for explaining peak positions of light that 
reaches the back focal plane of the lens 1 2 and the shape of the aperture 
portion 13A of the mask 13 in the eighth embodiment. 
Description of the Reference Numerals 

[0029] 1, 2 three-dimensional image displaying apparatus; 11 
spatial light modulation element; 12 - convex lens (reconstruction 
image converting optical system); 13 - mask; 13 A • aperture portion; 
1 4 • • point light source; 1 5 • • • half mirror; 71"- bright point; 8 1 • • 
zero-order light reaching position; 91- - directly reconstruction image; 
and 93 • - displayed reconstruction image. 
Best Modes for Carrying Out the Invention 

[0030] In the following, embodiments of a three-dimensional image 
displaying apparatus and a three-dimensional image displaying method 
according to the present invention will be explained in detail 
hereinbelow with reference to Figs. 1 to 20. In the explanation of the 
drawings, constituents identical to each other will be referred to with 
numerals identical to each other without repeating their overlapping 
descriptions. 

[0031] In order to afford the observer a sense of distance by effectively 
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making use of the focusing function of the eyes of an observer 
observing a certain object, Hght from the object must enter the surface 
of the pupil of the observer's eyes. In particular, a state where the 
wavefront of the light from the object enters the whole surface of the 
pupil of the observer's eyes is a natural state from the standpoint of the 
observer and the sense of distance is satisfied by effectively making use 
of the focusing function of the observer's eyes. The width of the 
wavefront of the light reaching the surface of the pupil of the observer's 
eyes is desirably of the same magnitude as the width of the pupil surface 
or equal to or greater than the same magnitude. As the width of the 
wavefront of the light reaching the pupil surface of the observer's eyes 
increases, the focusing fimction of the observer's eyes works more 
effectively and the observer is permitted a better sense of distance. 
[0032] Conversely, in the cases where the wavefront of the light 
reaching the pupil surface of the observer's eyes is narrow and light is 
transmitted only through a localized portion of the pupil surface, a state 
where the so-called photographic object depth is deep is occurred, 
similarly to a state where the iris of the pupil of a lens is reduced, and a 
state where the focus is correct both in a distant view and in a close 
view is occurred, hi such a state, natural blur that corresponds , to the 
distance to the object when the focusing of the eyes is out of place does 
not appear but the sense of distance sensed by the focusing function of 
the eyes is impaired. 

[0033] Three-dimensional image display technology using a hologram 
produces reconstruction light by causing illumination light to enter the 
hologram and displays a reconstruction image by means of the 
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reconstruction light and reproduces light from objects in the natural 
world. Therefore, the wavefront of the reconstruction light produced 
from the hologram desirably reaches a wide area of the pupil surface of 
the eyes of the observer observing the reconstruction image. 
[0034] The three-dimensional image displaying apparatus and 
three-dimensional image displaying method according to the present 
invention described hereinbelow can more effectively makes use of the 
focusing function of the observer's eyes and can overcome the above 
problem. 

[0035] Fig. 1 is a view for explaining an optical system and operation 
of the three-dimensional image displaying apparatus 1. The 
three-dimensional image displaying apparatus 1 shown in Fig. 1 
comprises a spatial light modulation element 1 1, a convex lens 12, and a 
mask 13. Here, for the sake of expediency in the explanation, an xyz 
orthogonal coordinate system is established and the z axis is matched 
with the optical axis of the lens 1 2 to match the point of origin with the 
back focal position of the lens 12. 

[0036] The spatial light modulation element 11 has a discrete pixel 
structure, and a plurality of pixels are arranged in two dimensions with a 
fixed pitch. The spatial light modulation element 11 is disposed 
parallel to the xy plane and modulates and transmits at least one of the 
amplitude and phase of the light entering each pixel and outputs the 
modulated light. The lens 12 acts as a reconstruction image converting 
optical system. Light that is modulated and outputted by the spatial 
light modulation element 1 1 is inputted, and then a reconstmction image 
is displayed by producing a virtual image wavefront-conversted from 
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the light. The mask 13 is disposed at the back focal plane of the lens 
12 and has an aperture portion 13 A. The mask 13 uses the aperture 
portion 1 3 A to transmit light beams from the peak positions, among the 
reconstruction light arriving in the region where the observation of 
reconstmction image obtained through diffraction of a specified order is 
permitted, but blocks light beams reaching the edge of the region. 
[0037] A hologram is presented by the spatial light modulation element 
1 1 as a result of establishing the degree of modulation of the amplitude 
or phase of the light of each of the pixels of the spatial light modulation 
element 11. The illumination light 90 enters the spatial light 
modulation element 11 providing the hologram parallel to the z axis as 
parallel light from the left in Fig. 1. The illumination light 90 that 
enters the spatial light modulation element 11 has the amplitude or 
phase modulated in each pixel. The light that has been modulated and 
outputted for each pixel by the spatial light modulation element 1 1 , that 
is, the reconstmction light forms a directly reconstmction image (image 
reconstmcted directly by the spatial light modulation element). In Fig. 
1, the bright points 91a and 91b represent the bright points of a directly 
reconstmction image (virtual image) and the bright points 92a and 92b 
represent the bright points of a directly reconstmction image (real 
image). 

[0038] The reconstmction light us wavefront-converted to a virtual 
image by the lens 12, and a reconstmction image is formed. In Fig. 1, 
the bright points 93a and 93b represent the bright points of the 
reconstmction image and the bright points 94a and 94b represent the 
bright points of the conjugate image. And then, the observer, whose 



18 



FP04-0475-00 



eye pupils are placed close to the aperture portion 13A of the mask 13, 
can observe the reconstruction image (hereinafter referred to as 'display 
reconstruction image') via the aperture portion 13 A. Here, zero-order 
light and diffracted waves and conjugate waves of unnecessary orders 
are blocked by the mask 13 and do not enter the pupil of the observer's 
eyes. 

[0039] Suppose that the coordinate values of a bright point of a directly 
reconstruction image are (ax\ ay\ az') and the coordinate values of a 
bright point of the corresponding display reconstruction image are (bx', 
by', bz'). Suppose also that the focal length of the lens 12 is f. Here, 
the relationship between the parameters is expressed by Equations (la) 
and (lb) below based on an analogous relationship and expressed by 
Equation (2) below based on a lens image formation formula. 



[Equation 1] 



ax'= f — ■■■ (la) 

ay= -(lb) 
bz' 



[Equation 2] 



111 



az'-/ f-bz' f 



[0040] The coordinate value az' of a bright point of the directly 
reconstruction image is expressed by Equation (3) below from 
Equations (la), (lb) and Equation (2). 



[Equation 3] 



az'=2f-^ •••(3) 
bz' 
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[0041] On the other hand, the distance zl between the spatial hght 
modulation element 11 and the bright point of the directly 
reconstruction image is expressed by Equation (4) below. 
[Equation 4] 

zl = az'-iL + /) 

^f-L--^ ••■(4) 

[0042] The plural pixels are arranged in two dimensions at a pitch p in 
the X axis direction and the y axis direction in the spatial light 
modulation element 11. The x coordinate value ax' and the y 
coordinate value ay' of the bright point of the directly reconstruction 
image are approximated by the following Equations (5a) and (5b) 
respectively as an integer multiple of the pixel pitch based on the 
abovementioned condition 1 (that each of the bright point positions in 
the directly reconstruction image be made to match, in the xy plane, any 
pixel position of the spatial light modulation element 11). Here, m and 
n are integers. The approximation values for ax' and ay' are ax and ay. 



[Equation 5] 



ax'^m^p^ax ■■•(5a) 
ay'^n*p — ay •■•(5b) 



[0043] Suppose the wavelength of the illumination light 90 is A,. 
Based on the abovementioned condition 2 (that the distance between the 
spatial hght modulation element 11 and the directly reconstruction 
image should be an integer multiple of the wavelength \ of the 
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illumination light and the initial phase of the respective bright points has 
a fixed value, the z coordinate value az' of the bright point of the 
directly reconstruction image is approximated by Equation (6) below. 
Here, h is an integer, s reprovides a fixed initial phase value and is 
5 simply value 0. The approximation value for az' is az. 

[Equation 6] 

az*« A^/L + 5 = az ■■• (6) 



[0044] When ax, ay, and az are used, the coordinate value bx, by, and 
bz of the bright points of the display reconstruction image fi-om 
10 Equations (la), (lb), and (3) are represented by Equations (7a), (7b) and 



(7c) below. 
[Equation 7] 



_ ax'hz V 
bx = •••(7a) 

/ 

...(7b) 

/ 

bz=^ •••(7c) 

2f-az 



[0045] Fig. 2 is a view for explaining the optical system obtained by 
15 removing the spatial hght modulation element 11 and lens 12 firom the 

three-dimensional image displaying apparatus 1 . The spherical waves 
emitted by the bright points 93a and 93b of the display reconstruction 
image are transmitted via the aperture portion 13A of the mask 13 at the 
back focal plane of the lens 12 and enter the pupil of the observer's eye 
20 disposed close to the aperture portion 13 A, whereby the observer can 
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observe the display reconstruction image. The angle 0m formed 
between the azimuth in which the spherical wave emitted from a bright 
point in position (bx, by, bz) enters the back focal plane of the lens 12, 
and the optical axis is expressed by Equation (8) below. 
[Equation 8] 



[0046] Since bz is an integer multiple of the illumination light 
wavelength X, the optical distance from each bright point of the display 
reconstruction image to the back focal position of the lens 12 is 
substantially constant. Therefore, in the back focal position of the lens 
12, the spherical waves emitted from each bright point of the display 
reconstruction image are reinforced through interference and the optical 
intensity is stronger. Also, in a paraxial region, the optical intensity 
grows stronger at pitch A,f/p at the back focal plane of the lens 12. In 
the case of a three-dimensional display reconstruction image that is 
displayed by means of a plurality of bright points, the spherical waves 
emitted by each of the plurality of bright points reach the back focal 
plane of the lens 1 2 in overlapped fashion. 

[0047] However, as a result of the action of the mask 13 disposed at the 
back focal plane of the lens 12, zero-order light, not only are diffracted 
waves and conjugate waves of an unnecessary order blocked but also 
light that reaches parts where the optical intensity is strong as a result of 
such interference. Therefore, the amount of light entering the pupil of 



0m = tan 




= tan 



1 

I / J 



- (8) 



22 



FP04-0475-00 



the observer's eye via the aperture portion 13 A of the mask 13 
decreases significantly. In the case of a reconstruction image of an 
object of uniform brightness without a pattem in particular, that is, in 
the case of a reconstruction image in which a low spatial fi*equency 
component is dominant, the amount of light of a reconstruction image 
that can be observed by the observer decreases significantly. 
[0048] Therefore, in three-dimensional displaying apparatus and 
three-dimensional displaying method according to the present invention, 
the spatial light modulation element 11 is provided with a hologram 
capable of displaying the target reconstruction image, by setting at least 
one of the bright point interval and initial phase value of the respective 
bright points constituting the target reconstruction image to be displayed 
such that the peaks of the reconstruction light reaching within a region, 
where the observation of reconstruction image rendered through 
diffraction of a specified order by the spatial light modulation element 
11 is permitted. As a result, a plurality of peak positions of the 
reconstruction light reaching the pupil of the observer's eye can be 
obtained and the focusing function of the observer's eye can be made to 
work effectively, whereby a high-quality reconstruction image can be 
displayed. In addition, the three-dimensional image displaying 
apparatus according to the present invention has a simple constitution. 
[0049] By setting both or one of the bright point interval and initial 
phase value of the respective bright points constituting a directly 
reconstruction image, the interval of the bright points of equal initial 
phase values among the respective bright points of the directly 
reconstruction image is an N multiple (N is an integer or two or more) 
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of pixel pitch p of the spatial light modulation element 1 1 . Here, in the 
paraxial region, the optical intensity grows stronger at a pitch Xf^p at 
the back focal plane of the lens 12. Further, suppose that the pupil 
diameter of the observer's eye is d. There are generally individual 
differences in the pupil diameter d which differs according to the 
amount of incident light, but the pupil diameter is 3 mm, for example. 
Here, when the pitch (Xf/(Np)) of the peak position of the reconstruction 
light reaching the pupil of the observer's eye is smaller than pupil radius 
(d/2), there is a plurality of peak positions of the reconstruction light 
reaching the pupil of the observer's eye. 

[0050] Furthermore, the observer's pupil desirably exists in a region of 
width (A.f/p) in which a reconstruction image rendered through 
diffraction of a specified order by the spatial hght modulation element 
11 in the back focal plane of the lens 12 is desirable. On the basis of 
the information above, the relationship of Equation (9) is preferably 
established between the pixel pitch p of the spatial light modulation 
element 11, the focus length f of the lens 12, the interval Np of bright 
points with equal initial phase values among the respective bright points 
of the directly reconstruction image, the illumination light wavelength 9i, 
and the pupil diameter d of the observer's eye. More particularly, the 
relationship inequality on the right side of Equation (9) must be 
satisfied. 
[Equation 9] 

A'f . 2/1-/ 
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[0051] When the display reconstruction image as mentioned earlier is 
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seen by the observer's eye that is disposed close to the aperture portion 
13A of the mask 13, a direction of viewing a bright point for which the 
m value is zero in Equation (5 a) and a direction of viewing a bright 
point for which the m value is N among the plurality of bright points of 
the display reconstruction image provide the largest viewing angle. 
This angle 91 is expressed by Equation (10) below. 
[Equation 10] 
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[0052] On the other hand, supposing that the eyesight of the observer is 
1.0, it may be said that the observer can identify an object with a size of 
3.0 nrni in a position that is a distance of 10 m away. The viewing 
angle 0 in this case is given by Equation (11) below. 
[Equation 11] 
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[0053] If the viewing angle 01 is expressed by Equation (10) is smaller 
than a viewing angle 0min expressed by Equation (11) above, a 
reconstruction image that exceeds the majority of the resolution of the 
observer's eye is displayed. That is. Equation (12) below is preferably 
satisfied. 



[Equation 12] 
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[0054] Fig. 3 is a view for explaining an optical system of a 
three-dimensional image displaying apparatus 2. The 
three-dimensional image displaying apparatus 2 shown in Fig. 3 
comprises the spatial light modulation element 11, convex lens 12, mask 
13, a point light source 14 and a half mirror 15. Here, for the sake of 
expediency in the description, an xyz orthogonal coordinate system is 
established and the z axis is matched with the optical axis of the lens 12. 
[0055] The spatial light modulation element 11 used by the 
three-dimensional image displaying apparatus 2 is one of a reflective 
type. The spatial light modulation element 11 has a discrete pixel 
structure and has a plurality of pixels are arranged in two dimensions 
with a fixed pitch p. The spatial light modulation element 11 is 
disposed parallel to the xy plane and modulates and reflects both or 
either one of the amplitude and phase of the light entering each pixel 
and outputs the modulated light. 

[0056] The point light source 14, half mirror 15, and lens 12 constitute 
an illumination light system that causes illumination light to enter the 
spatial light modulation element 11 as parallel light. The optical 
distance fi^om the point light source 14 to the lens 12 via the half mirror 
15 is equal to the focal length f of the lens 12. The illumination light 
emitted firom the point light source 14 under a divergence condition 
enters the lens 12 after being transmitted by the half mirror 15 and 
enters the spatial light modulation element 11 after being rendered 
parallel light by the lens 12. 

[0057] The lens 12 and half mirror 15 constitute a reconstmction image 
converting optical system that displays a reconstruction image by 



26 



FP04-0475-00 



wavefront-converting the reconstruction light produced by the spatial 
light modulation element 1 1 to a virtual image. The optical distance 
from the lens 12 to the mask 13 via the half mirror 15 is equal to the 
focal length f of the lens 12. The reconstmction light produced by the 
spatial light modulation element 1 1 is wavefront-converted by the lens 
12 and is reflected by the half mirror 15 before arriving at the mask 13 
on the back focal plane of the lens 12. The aperture portion 13 A of the 
mask 13 transmits light components reaching the peak positions of the 
reconstruction light that arrives in a region where the observation of 
reconstruction image rendered through diffraction of a specified order is 
permitted. On the other hand, the aperture portion 13A blocks, in 
addition to zero-order light and diffracted waves and conjugate waves of 
unnecessary orders, hght beams reaching the edge of the region. 
[0058] In the case that the spatial light modulation element 1 1 
modulates both the amplitude and the phase, since conjugate waves are 
not produced, a hologram can be expressed in the whole area of the 
spatial light modulation element 1 1 , and the size of the region, where 
the observation of reconstruction image rendered through diffraction of 
a specified order is permitted, is then Xf^pxJif/p. On the other hand, in 
the case that the spatial light modulation element 1 1 modulates only one 
of the amplitude and phase, a hologram can be expressed in only a half 
plane of the spatial light modulation element 1 1 , the size of the region, 
where the observation of reconstruction image rendered through 
diffraction of a specified order is permitted, is A.f^pxA.f^(2p), and 
conjugate waves are blocked by the mask 13. 

[0059] The spatial light modulation element 1 1 expresses the hologram, 
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by setting the degree of amplitude or phase modulation of light for each 
of the pixels of the spatial light modulation element 11. The 
illumination light 90, which has outputted from the point light source 14 
and rendered parallel light by the lens 1 2 after being transmitted by the 
half mirror 15, enters the spatial light modulation element 11 expressing 
the hologram, in parallel to the z axis. The amplitude or phase of the 
illumination light 90 enters the spatial light modulation element 11 is 
modulated by each pixel. The light, that is, reconstruction light that is 
modulated and reflected for each pixel by the spatial light modulation 
element 1 1 forms a directly reconstruction image 9 1 . The illumination 
light is wavefront-converted by the lens 1 2 to a virtual image, and then a 
reconstruction image is formed. Furthermore, the observer, whose eye 
pupil is disposed close to the aperture portion 13A of the mask 13, can 
observe a displayed reconstruction image 93 via the aperture portion 
13 A and half mirror 15. Here, zero-order light and diffracted waves 
and conjugated waves of unnecessary orders is blocked by the mask 13 
and does not enter the pupil of the observer's eye. 

[0060] The three-dimensional image displaying apparatus 2 shown in 
Fig. 3, as compared with the three-dimensional image displaying 
apparatus 1 shown in Fig. 1 earlier, differs in that the spatial light 
modulation element 11 is one of the transmitting-type and 
reflective-type and, in this context, also differs due to the presence of 
the half mirror 1 5 . However, despite differing in these respects, it may 
be said that the three-dimensional image displaying apparatus 2 and 
three-dimensional image displaying apparatus 1 are substantially the 
same optical system. Therefore, the items described earlier with 
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respect to the three-dimensional image displaying apparatus 1 (Fig. 1) 
are the same for the three-dimensional image displaying apparatus 2 
(Fig. 3). Also, the following explanation is common to both the 
three-dimensional image displaying apparatus 1 (Fig. 1) and the 
three-dimensional image displaying apparatus 2 (Fig. 3). 
[0061] In the following, a case where the spatial light modulation 
element 11 modulates only one of the amplitude and phase will be 
explained. Suppose that the pixel pitch p of the spatial light 
modulation element 11 is 8.1 jim, the focal length f of the lens 12 is 40 
mm, the point light source 14 is an LED, and the wavelength X of the 
illumination light output by the point light source 14 is 650 nm. 
Furthermore, suppose that the size of the aperture portion 13 A of the 
mask 1 3 is the same as the size of the region permitting the observation 
of a reconstruction image through diffraction of a specified order, i.e. 
3.2 nmi x 1.6 mm. A comparative example and a few embodiments 
will be explained hereinbelow based on the above premise. 
[0062] First, the comparative example will be explained. Fig. 4 is a 
view for explaining the bright point interval of the directly 
reconstruction image 91 in the comparative example. Fig. 5 is a view 
for explaining the peak positions of the light reaching the back focal 
plane of the lens 12 in the comparative example. 

[0063] Fig. 4 shows the result of viewing a portion of the directly 
reconstruction image 91 in the optical axis direction. In Fig. 4, 
positions on the directly reconstruction image 91 that correspond to the 
positions of the respective pixels of the spatial light modulation element 
11 are indicated by squares of the smallest individual unit, and the 
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positions of bright points 7 1 with the brightness values of the directly 
reconstruction image 91 are indicated by squares painted black. A 
range equivalent to one cycle of the brightness distribution in the 
directly reconstruction image 91 is indicated by a bold rectangular 
frame. 

[0064] Fig. 5 shows the result of viewing the mask 13 disposed at the 
back focal plane of the lens 12 is view in the optical axis direction. In 
Fig. 5, the edge of the aperture portion 13 A that transmits the 
reconstruction light to be observed is indicated by a solid-line 
rectangular frame. The range of the region reached by a conjugate 
wavefront with respect to the reconstruction light reaching the aperture 
portion 13A is indicated by a broken line rectangular frame. The 
zero-order light reaching position 81 is indicated by a central black 
circle. The peak position of the arriving reconstruction light is 
indicated by a black circle. 

[0065] Here, the items described with respect to the views of Figs. 4 
and 5 are also the same for similar drawings described subsequently. 
[0066] In a comparative example, the bright points 71 with brightness 
values of the directly reconstruction image 9 1 that is directly generated 
by the spatial light modulation element 1 1 are disposed cyclically at a 
pitch 2p (two times the pixel pitch p of the spatial light modulation 
element 11) in the x axis direction and y axis direction respectively as 
shown in Fig. 4. In addition, the initial phase values of the bright 
points 71 with these brightness values are fixed. 

[0067] At this time, the peaks of the light reaching the back focal plane 
of the lens 12 are positioned cyclically at a pitch of 1.6 nmi (=Xf/(2py) 
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in the x axis direction and the y axis direction respectively as shown in 
Fig. 5, and they exist at the edge of the aperture portion 13 A of the 
mask 13 but do not exist within the aperture portion 13A (excluding the 
edge). Therefore, in the comparative example, it is difficult for an 
observer whose eye is disposed close to the aperture portion 13 A to 
observe a reconstruction image in which a low spatial frequency 
component is dominant. 

[0068] The first embodiment will be explained next. Fig. 6 is a view 
for explaining the bright point interval of the directly reconstruction 
image 91 in the first embodiment. . Fig. 7 is a view for explaining the 
peak positions of light that reaches the back focal plane of the lens 12 in 
the first embodiment. 

[0069] In the first embodiment, the bright points 71 with brightness 
values of the directly reconstruction image 91 that is directly generated 
by the spatial light modulation element 1 1 are disposed cyclically at a 
pitch 4p (four times the pixel pitch p of the spatial light modulation 
element 11) in the x axis direction and y axis direction respectively as 
shown in Fig. 6. Furthermore, the initial phase values of the bright 
points 7 1 with these brightness values are fixed. 

[0070] At this time, the peaks of hght reaching the back focal plane of 
the lens 12, in the case of the first embodiment, are located cyclically at 
a pitch of 0.8 nmi (=A.f/(4p)) in the x axis direction and the y axis 
direction respectively as shown in Fig. 7 and, among such peaks, three 
optical peak positions exist within the aperture portion 13 A (excluding 
the edge) of the mask 13. The three optical peak positions in the 
aperture portion 13A are peak positions of reconstruction light rendered 
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through diffraction of a specified order by the spatial hght modulation 
element 11 are arranged in the x axis direction. The reconstmction 
light distributed close to the three optical peak positions includes a 
parallax image component that corresponds with the respective 
positions. 

[007 1 ] Accordingly, in the first embodiment, the eye focusing function 
of the observer, whose eye is disposed close to the aperture portion 13 A, 
is made to work effectively because reconstruction light distributed 
close to each of the three optical peak positions enters the pupil of the 
eye simultaneously. Consequently, three images are displaced in the x 
axis direction when the focal point of the eye is out of place and a 
reconstmction image with natural blur in the x axis direction can be 
observed. Furthermore, a reconstmction image in which a low spatial 
frequency component is dominant can also be favorably observed. 
[0072] The second embodiment will be explained next. Fig. 8 is a 
view for explaining the bright point interval of the directly 
reconstmction image 91 in the second embodiment. Fig. 9 is a view 
for explaining the peak position of light that reaches the back focal 
plane of the lens 12 in the second embodiment. 

[0073] In the second embodiment, the bright points 71 with brightness 
values of the directly reconstmction image 91 that is directly generated 
by the spatial light modulation element 1 1 are disposed cyclically at a 
pitch 4p (four times the pixel pitch p of the spatial light modulation 
element 1 1) in the x axis direction and disposed cyclically at a pitch 6p 
(six times the pixel pitch p of the spatial light modulation element 1 1) in 
the y axis direction as shown in Fig. 8. Also, the initial phase values of 



32 



FP04-0475-00 



the bright points 71 with these brightness values are fixed. 
[0074] At this time, the peaks of the light reaching the back focal plane 
of the lens 12, in the case of the second embodiment, are positioned 
cyclically at a pitch of 0.8 mm (=A.f^(4p)) in the x axis direction and are 
positioned cyclically at a pitch of 0.53 mm (=Xf/(6p)) in the y axis 
direction respectively as shown in Fig. 9 and, among these peaks, 
optical peak positions of six points exist within the aperture portion 13 A 
(excluding the edge) of the mask 13. The six respective optical peak 
positions in the aperture portion 13 A are peak positions of 
reconstruction light rendered through diffraction of a specified order by 
the spatial light modulation element 11 that are arranged in three 
columns in the x axis direction and two rows in the y axis direction. 
The reconstruction light distributed close to each of the six optical peak 
positions includes a parallax image component that corresponds with 
each position. 

[0075] Accordingly, in the second embodiment, the eye focusing 
function of the observer, whose eye is disposed close to the aperture 
portion 13A is made to work effectively because reconstruction light 
distributed close to each of the six optical peak positions enters the pupil 
of the eye simultaneously. Consequently, three images are displaced 
in the x axis direction and two images are displaced in the y axis 
direction when the focal point of the eye is out of place and a 
reconstruction image with natural blur in the x axis direction and y axis 
direction can be observed. Furthermore, a reconstruction image in 
which a low spatial fi'equency component is dominant can also be 
favorably observed. 
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[0076] The third embodiment will be explained next. Fig. 10 is a view 
for explaining the bright point interval and initial phase value of the 
directly reconstruction image 91 in a third embodiment. 
[0077] The view of Fig. 10 is the same as that of Fig. 4 and so forth. 
In addition, the initial phase values of the bright points 71 with the 
brightness values of the directly reconstruction image 9 1 are denoted by 
numbers in the squares painted black. The number '0' denotes the 
reference value of the initial phase value, the number ' 1 ' indicates that 
the initial phase value is 'reference value+7t:/2\ the number '2' indicates 
that the initial phase value is 'reference value+7i% and the number '3' 
indicates that the initial phase value is 'reference value+37c/2\ 
[0078] In the third embodiment, the bright points 71 with the brightness 
values of the directly reconstruction image 9 1 reconstructed directly by 
the spatial light modulation element 11 are the same as those of the 
comparative example and are disposed cychcally at a pitch 2p (two 
times the pixel pitch p of the spatial light modulation element 1 1) in the 
X axis direction and y axis direction. Furthermore, the initial phase 
values of the bright points 71 with the brightness values are set 
cyclically at a pitch 4p (four times the pixel pitch p of the spatial light 
modulation element 1 1) in the x axis direction and y axis direction. In 
a range equivalent to one cycle of the initial phase distribution indicated 
by a bold line rectangular frame, the initial phase values of the bright 
points 7 1 with the brightness yalues are different from one another. 
[0079] At this time, the periodicity of the disposition of the peaks of 
light reaching the back focal plane of the lens 12 reflects periodicity 
rendered by synthesizing the disposition and initial phase values of the 



34 



FP04-0475-00 

bright points 71 of the directly reconstruction image 91. That is, the 
peaks of light reaching the back focal plane of the lens 12 in the case of 
the third embodiment are located cyclically at a pitch of 0.8 mm 
(=A,f^4p)) in the x axis direction and y axis direction similarly to the case 
of the first embodiment shown in Fig. 7 above and, among the peaks of 
light, the optical peak positions of three points exist within the aperture 
portion 13A (excluding the edge) of the mask 13. Each of the optical 
peak positions of three points within the aperture portion 13 A are peak 
positions of the reconstmction light rendered through diffraction of a 
specified order by the spatial light modulation element 1 1 and arranged 
in the x axis direction. The reconstruction light distributed close to 
each of the three optical peak positions include a parallax image 
component that corresponds with each of the positions. 
[0080] Accordingly, in the third embodiment, the eye focusing fiinction 
of the observer, whose eye is disposed close to the aperture portion 1 3 A, 
is made to work effectively because reconstruction light distributed 
close to each of the three optical peak positions enters the pupil of the 
eye simultaneously. Consequently, three images are displaced in the x 
axis direction when the focal point of the eye is out of place and a 
reconstruction image with natural blur in the x axis direction can be 
observed. Furthermore, a reconstruction image in which a low spatial 
fi'equency component is dominant can also be favorably observed. 
[0081] Furthermore, as compared with the case of the first embodiment, 
in the third embodiment, whereas the three optical peak positions are the 
same in that these positions exist within the aperture portion 13 A 
(excluding the edge) of the mask 13, there are four times the number of 
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bright points 71 with the brightness values of the directly reconstruction 
image 91. Hence, the observer can observe a bright reconstruction 
image with a high resolution. 

[0082] The fourth embodiment will be explained next. Fig. 11 is a 
view for explaining the bright point interval and initial phase value of 
the directly reconstruction image 9 1 in the fourth embodiment. 
[0083] The view of Fig. 1 1 is the same as the case of Fig. 4 or the like. 
In addition, the initial phase values of the bright points 71 with the 
brightness values of the directly reconstruction image 91 are shown with 
numbers in squares that are painted black. The number '0' denotes the 
reference value of the initial phase value, the number ' 1 ' indicates that 
the initial phase value is 'reference value+7c/3', the number '2' indicates 
that the initial phase value is 'reference value4-27i/3 ' , the number '3' 
indicates that the initial phase value is 'reference value+Ti', the number 
'3' indicates that the initial phase value is 'reference value+47c/3', and 
the number '3' indicates that the initial phase value is 'reference 
value+57c/3'. 

[0084] In the fourth embodiment, the bright points 71 with the 
brightness values of the directly reconstruction image 91 reconstructed 
directly by the spatial light modulation element 11 are disposed 
cyclically at a pitch of 2p (two times the pixel pitch p of the spatial light 
modulation element 11) in the x axis direction and y axis direction in 
the same way as the comparative example. Furthermore, the initial 
phase values of the bright points 71 with the brightness values are set 
cyclically at a pitch 4p (four times the pixel pitch p of the spatial hght 
modulation element 11) in the x axis direction and set cyclically at the 
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pitch 6p (six times the pixel pitch p of the spatial light modulation 
element 11) in the y axis direction. In a range equivalent to one cycle 
of the initial phase distribution indicated by a bold line rectangular 
frame, the initial phase values of the bright points 7 1 with the brightness 
values are different from one another. 

[0085] At this time, the periodicity of the disposition of the peaks of 
light reaching the back focal plane of the lens 12 reflects periodicity 
rendered by synthesizing the disposition and initial phase values of the 
bright points 71 of the directly reconstruction image 91. That is, the 
peaks of light reaching the back focal plane of the lens 12 in the case of 
the fourth embodiment are located cyclically at a pitch of 0.8 mm 
(=A,f^(4p)) in the x axis direction and are located cyclically at a pitch of 
0.53 mm Q=Xf/6p)) in the y axis direction similarly to the case of the 
second embodiment shown in Fig. 9 above and, among the peaks of 
light, the optical peak positions of six points exist within the aperture 
portion 13 A (excluding the edge) of the mask 13. Each of the optical 
peak positions of six points within the aperture portion 13A are peak 
positions of the reconstruction light rendered through diffraction of a 
specified order by the spatial light modulation element 1 1 and arranged 
in three columns in the x axis direction and two rows in the y axis 
direction. The reconstruction light distributed close to each of the six 
optical peak positions include a parallax image component that 
corresponds to each of the positions. 

[0086] Accordingly, in the fourth embodiment, the eye focusing 
fimction of the observer whose eye is disposed close to the aperture 
portion 13A is made to work effectively because reconstruction light 
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distributed close to each of the six optical peak positions enters the pupil 
of the eye simultaneously. Consequently, three images are displaced 
in the x axis direction and two images are displaced in the y axis 
direction when the focal point of the eye is out of place and a 
reconstruction image with natural blur in the x axis direction and y axis 
direction can be observed. Furthermore, a reconstruction image in 
which a low spatial frequency component is dominant can also be 
favorably observed. 

[0087] Furthermore, as compared with the case of the second 
embodiment, in the fourth embodiment, whereas the six optical peak 
positions are the same in that these positions exist within the aperture 
portion 13A (excluding the edge) of the mask 13, there are six times the 
number of bright points 7 1 with the brightness values of the directly 
reconstruction image 91. Hence, the observer can observe a bright 
reconstruction image with a high resolution. 

[0088] The fifth embodiment will be explained next. Fig. 12 is a view 
for explaining the bright point interval and initial phase value of the 
directly reconstruction image 9 1 of the fifth embodiment. Fig. 1 3 is a 
view for explaining the peak positions of light that reaches the back 
focal plane of the lens 12 of a fifth embodiment. 

[0089] The view of Fig. 12 is the same as the case of Fig. 4 or the like. 
In addition, the initial phase values of the bright points 71 with the 
brightness values of the directly reconstruction image 9 1 are shovm with 
numbers in squares that are painted black. The number '0' denotes the 
reference value of the initial phase value, the number ' 1 ' indicates that 
the initial phase value is 'reference value+7i/2', the number '2' indicates 
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that the initial phase value is 'reference value+7c% and the number '3' 
indicates that the initial phase value is 'reference value+37r/2'. 
[0090] In the fifth embodiment, the bright points 7 1 with the brightness 
values of the directly reconstruction image 91 reconstructed directly by 
the spatial light modulation element 1 1 are the same as those of the 
comparative example and are disposed cyclically at a pitch 2p (two 
times the pixel pitch p of the spatial light modulation element 1 1) in the 
X axis direction and y axis direction respectively. Furthermore, the 
initial phase values of the bright points 71 with the brightness values are 
set cyclically at a pitch 4p in the x axis direction and set cyclically at a 
pitch 8p in the y axis direction, and also set cyclically at a pitch 
20^^^p(=((2p)^+(4p/)^^) in the direction of vector (±2p, ±4p). Li a 
range equivalent to one cycle of the initial phase distribution indicated 
by a bold line rectangular frame, the initial phase values of the bright 
points 71 with the brightness values are the same and two of each exist. 
[0091] At this time, the periodicity of the disposition of the peaks of 
light reaching the back focal plane of the lens 12 reflects periodicity 
rendered by synthesizing the disposition and initial phase values of the 
bright points 71 of the directly reconstruction image 91. That is, the 
peaks of light reaching the back focal plane of the lens 12 in the case of 
the fifth embodiment are located cyclically at a pitch of 1.6 mm 
(=Xf/4p)) in the x axis direction, located cyclically at a pitch of 0.8 mm 
(=Xf/Sp)) in the y axis direction, and located cychcally at a pitch of 0.89 
mm H(0.8/+(0.4)^)^^^) in the vector (±2, ±1), as shown in Fig. 13. 
Among the peaks of light, the optical peak positions of five points exist 
within the aperture portion 13A (excluding the edge) of the mask 13. 
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Each of the optical peak positions of five points within the aperture 
portion 13 A are peak positions of the reconstruction hght rendered 
through diffraction of a specified order by the spatial light modulation 
element 1 1 and the area aroimd the optical peak position 82 in the center 
of the aperture portion 13 A surrounds the four other optical peak 
positions. The reconstruction light distributed close to each of the five 
optical peak positions include a parallax image component that 
corresponds with each of the positions. 

[0092] Accordingly, in the fifth embodiment, the eye focusing fimction 
of the observer whose eye is disposed close to the aperture portion 13 A 
is made to work effectively because reconstruction light distributed 
close to each of the five optical peak positions enters the pupil of the 
eye simultaneously. Consequently, when the focal point of the eye is 
out of place, a reconstruction image with natural blur in the x and y axis 
directions can be observed. Furthermore, a reconstmction image in 
which a low spatial frequency component is dominant can also be 
favorably observed. In addition, as compared with the case of the first 
embodiment, there is four times the number of bright points 7 1 with the 
brightness values of the directly reconstmction image 9 1 . Hence, the 
observer can observe a bright reconstruction image with a high 
resolution. 

[0093] The sixth embodiment will be explained next. In the sixth 
embodiment, the initial phase values of the respective bright points 71 
constituting the target reconstruction image 91 are temporally varied. 
More specifically, the distribution of the bright point interval and initial 
phase values of the directly reconstmction image 91 shown in Fig. 10 
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earlier and the distribution of the bright point interval and initial phase 
values of the directly reconstruction image 91 shown in Fig. 14 are set 
to alternate temporally. One distribution corresponds to a distribution 
that is moved in parallel by a distance 2p in the x axis direction with 
respect to the other distribution. 

[0094] Alternatively, the distribution of the bright point interval and 
initial phase values of the directly reconstruction image 9 1 shown in Fig. 
12, the distribution of the bright point interval and initial phase values of 
the directly reconstruction image 91 shown in Fig. 15, the distribution 
of the bright point interval and initial phase values of the directly 
reconstruction image 91 shown in Fig. 16, and the distribution of the 
bright point interval and initial phase values of the directly 
reconstruction image 9 1 shown in Fig. 1 7 are set to sequentially repeat 
temporally. Thus, a more vivid reconstruction image can be displayed. 
With respect to a certain one distribution, another distribution 
corresponds to any of a distribution moved in parallel by the distance 2p 
in the x axis direction, a distribution moved in parallel by the distance 
2p in the y axis direction, and a distribution moved in parallel by the 
distance 2p in each of the x axis direction and y axis direction. 
[0095] Li a case where only the distribution of the bright point interval 
and initial phase values of the directly reconstruction image 9 1 shown in 
Fig. 10 is set, or in a case where only the distribution of the bright point 
interval and initial phase values of the directly reconstruction image 91 
shown in Fig. 12 is set, the illumination light irradiated onto the spatial 
light modulation element 11 is coherent light and, therefore, an 
interference fringe pattem with a cyclical structure is superposed on the 
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reconstruction image observed via the aperture portion 13 A of the mask 
1 3 . Hence, the number of pixels of observed the reconstruction image 
decreases. 

[0096] However, in the sixth embodiment, the interference fringe 
pattems superposed on the reconstruction image by temporally and 
altemately setting the distributions of the bright point interval and initial 
phase values of the directly reconstruction image 91 shown in Figs. 10 
and 14 respectively or by making settings to temporally sequentially 
repeat the distributions of the bright point interval and initial phase 
values of the directly reconstruction image 91 shown in Fig. 12 and Figs. 
15 to 17 corresponding to the initial phase value distribution at each 
point in time and are temporally offset. Hence, the affect of the 
interference fringe pattems is reduced and a more vivid reconstmction 
image can be displayed. 

[0097] The seventh embodiment will be explained next. The seventh 
embodiment differs from the comparative example and the respective 
embodiments described thus far in that the focal length f of the lens 12 
is 120 mm. In this case, the size of the aperture portion 13 A of the 
mask 1 3 is the same as the size of the region permitting observation of a 
reconstmction image rendered through diffraction of a specified order, 
that is, 9.6 mm x 4.8 mm. Since the pupil diameter of the observer's 
eye is on the order of 3 mm, the pupil diameter of the observer's eye is 
smaller than the size of the aperture portion 13 A of the mask 13. The 
reconstruction light close to each of a plurality of optical peak positions 
in this case must also simultaneously enter the pupil of the eye in this 
case. 
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[0098] At this time, in the seventh embodiment, the bright points 71 
with the brightness values of the directly reconstruction image 91 
directly reconstructed by the spatial light modulation element 11 are 
cyclically disposed at a pitch of 4p (four times the pixel pitch p of the 
spatial hght modulation element 11) in the x axis and y axis directions 
respectively. Furthermore, the initial phase values of the bright points 
71 with the brightness values are cyclically disposed at a pitch of 8p 
(eight times the pixel pitch p of the spatial light modulation element 11) 
in the x axis and y axis directions respectively. 

[0099] Accordingly, the peak of the light arriving at the back focal 
plane of the lens 12 in the case of the seventh embodiment is cyclically 
located at a pitch of 1.2 mm (=A.f^(8p)) in the x axis and y axis 
directions respectively, as shown in Fig. 18 and, among the peaks of 
light, the optical peak positions of twenty-one points exist within the 
aperture portion 13 A (excluding the edge) of the mask 13. Each of the 
optical peak positions of twenty-one points within the aperture portion 
13 A are peak positions of the reconstmction light rendered through 
diffraction of a specified order by the spatial light modulation element 
1 1 and arranged in seven columns in the x axis direction and three rows 
in the y axis direction. The reconstruction light distributed close to 
each of the twenty-one optical peak positions include a parallax image 
component that corresponds to each of the positions. 
[0100] Accordingly, in the seventh embodiment, the eye focusing 
function of the observer whose eye is disposed close to the aperture 
portion 13 A is made to work effectively because reconstruction light 
distributed close to each of the five optical peak positions among the 



43 



FP04-0475-00 



twenty-one points enters the pupil of the eye (broken Hne circle in Fig. 
18) simultaneously. Consequently, when the focal point of the eye is 
out of place, the reconstruction image with natural blur in the x axis 
direction and y axis direction can be observed. Further, a 
reconstruction image in which a low spatial frequency component is 
dominant can also be favorably observed. 

[0101] The eighth embodiment will be explained next. The eighth 
embodiment is characterized by the shape of the aperture portion 13 A of 
the mask 13, as compared with each of the embodiments described 
above. The mask 13 of this embodiment transmits light components 
matching the peak positions of the reconstruction light that arrives in the 
region (7d/p^ Xf/(2p)) where the observation of reconstruction image 
rendered through diffraction of a specified order is permitted. 
However, the aperture portion 13 A not only blocks zero-order light and 
diffracted waves and conjugated waves of unnecessary orders as well as 
light beams reaching the edge of the region, but also blocks 
reconstruction light rendered through diffraction or orders other than the 
specified order that arrives in the region, 

[0102] For example, as per the fifth embodiment (Figs. 12 and 13) 
described earlier, when optical peak positions of five points exist in a 
region (excluding the edge) where the observation of reconstruction 
image rendered through diffraction of a specified order is permitted, a 
circular region that has each of the five points at the center is the 
aperture portion 13 A as shown in Fig. 19. Alternatively, as shown in 
Fig. 20, a diamond shape (two adjacent diamond shapes may be in 
contact with one another) that has each of the five points at the center is 
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the aperture portion 13 A. 

[0103] By affording the aperture portion 13 A such a shape, the 
reconstruction light rendered through diffraction of an order other than 
the specified order in the periphery of the peak position of the hght 
beam that reaches the edge of the region (A.f^p, ?i£^(2p)) is blocked, 
whereby a more vivid reconstruction image can be observed. 
[0104] From the invention thus described, it will be obvious that the 
embodiments of the invention may be varied in many ways. Such 
variations are not to be regarded as a departure from the spirit and scope 
of the invention, and all such modifications as would be obvious to one 
skilled in the art are intended for inclusion within the scope of the 
following claims. 
Industrial Applicability 

[0105] The present invention can be applied to an apparatus and a 
method capable of displaying a three-dimensional reconstruction image 
by causing illumination light to enter a spatial light modulation element 
that provides a hologram. 
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